This document is the final report for the Compressed Air Energy Storage Monitoring to Support Refrigerated-Mined Rock Cavern Technology (CAES Monitoring to Support RMRCT) (DE-FC26-01NT40868) project to have been conducted by CAES Development Co., along with Sandia National Laboratories. This document provides a final report covering tasks 1.0 and subtasks 2.1, 2.2, and 2.5 of task 2.0 of the Statement of Project Objectives and constitutes the final project deliverable. The proposed work was to have provided physical measurements and analyses of large-scale rock mass response to pressure cycling. The goal was to develop proof-of-concept data for a previously developed and DOE sponsored technology (RMRCT or Refrigerated-Mined Rock Cavern Technology). In the RMRCT concept, a room and pillar mine developed in rock serves as a pressure vessel. That vessel will need to contain pressure of about 1370 psi (and cycle down to 300 psi). The measurements gathered in this study would have provided a means to determine directly rock mass response during cyclic loading on the same scale, under similar pressure conditions. The CAES project has been delayed due to national economic unrest in the energy sector.
Introduction
The DOE studied the potential for development of a Refrigerated-Mined Rock Cavern Technology (RMRCT) for storage of natural gas in granitic rock in the northeast U.S [ 
11.
The concept involves mining space deep in crystalline unfractured rock and storing natural gas by chilling and compressing it to reduce the storage space required.
There is considerable technical risk associated with a facility of this type, a portion of which is derived from unknowns associated with large-scale cyclic internal pressurization of a mined cavern in hard rock. The technical risk can be dramatically reduced by completing measurements and analyses of rockmass displacements in hard rock at the same scale as the RMRCT to quantify the effects of the pressurization and pressure variations at low temperatures. An opportunity existed to make such measurements (and analyses of large scale rockmass response) in a compressed air energy storage facility (CAES) being built in Norton Ohio. The in situ conditions and rockmass properties, pressurization range, and thus the deformations for both the CAES and RMRCT facilities will be similar. Measurements of these pressure-induced deformations had been planned in the CAES facility. The analogous nature of this planned work makes it directly applicable to understanding the physical nature of deformations likely to be induced in a RMRCT facility and thus reduce the technical risk.
This document is the final report on the CAES Monitoring to Support RMRCT (DE-FC26-01NT40868) project to have been conducted by CAES Development Co., along with Sandia National Laboratories. This document provides a final report covering tasks 1.0 and subtasks 2.1, 2.2, and 2.5 of task 2.0 of the Statement of Project Objectives and constitutes the final project deliverable:
Task 1 .O: Review RMRCT faciriiy concepts
The concepts for the RMRCT feasibility design shall be reviewed in detail to assure that monitoring of the CAES facility meets the important engineering design and performance needs of a RMRCTfacility.
The proposed work was to have provided physical measurements and analyses of largescale rock mass response to pressure cycling. The goal was to develop proof-of-concept data for a previously developed and DOE sponsored technology (RMRCT or RefrigeratedMined Rock Cavern Technology). In the RMRCT concept, a room and pillar mine developed in rock serves as a pressure vessel. That vessel will need to contain a pressure of about 1370 psi (and cycle down to 300 psi). The measurements gathered in this study would have provided a means to determine rock mass response directly during cyclic loading on the same scale, under similar pressure conditions. The in situ conditions and rockmass properties, pressurization range, and thus deformations for both the CAES and RMRCT facilities will be similar. The CAES project has been delayed due to national economic unrest in the energy sector.
The RMRCT storage involves understanding the mechanical and transport response of a significantly large volume of a rockmass to a cyclic pressure load and thermal variations. Public health and safety in underground natural gas storage is an unmeasured risk. This risk is sometimes judged as very high because of the volatile nature of the material being stored and the uncertainties of the geologic materials proposed as the storage media. A portion of the natural gas storage risk can be reduced by increasing the fundamental understanding of very large-scale rock mass response to significant cyclic pressure loads, in a manner similar to those that a RMRCT facility may experience.
The thermaUmechanica1 rock mass response effects for the proposed RMRCT have been discussed and modeled [l] . The results indicate a favorable set of conditions for stability, given the simplifying assumptions made. At some point coupled 3-D thermomechanical (and possibly hydrologic) analyses will be required to more fully understand the physics of an operating facility design. These analyses should include potential changes in the mechanical and hydrologic transport properties of the host rock resulting from thermal and pressure changes. The temperature changes indicated [l] for RMRCT are on the order of 50'C. Uniform and non-uniform temperature changes (increases or decreases) are known to affect the mechanical and transport properties of igneous rock [for example, 2,3, respectively].
The non-uniform temperature field thermal effects are considered to a certain degree in the analysis results presented [l] , although simplifying geometric assumptions facilitated the analysis. The non-uniform effects would be transient for some time until a steady-state heat transfer environment evolved. Also, pressurization has the potential to modify the effective stress field by altering the pore pressure in the rock, which would affect the stress state.
The conceptual design and supporting analyses completed thus far indicate fluid pressures within the Rh4RCT will range from 1370 psi to about 300 psi, a range of almost 1100 psi. The minimum vertical and minimum horizontal in situ stresses are about 3000 psi and the maximum horizontal in situ stress is about 6000 psi. These stresses, and pressure changes constitute mechanical loads that each underground opening in the RMRCT will be subjected to. The load cycling pressure change is modeled to be small relative to the strength, in situ stress, and excavation induced loads. The underground structure is presented as stable in the RMRCT report and considered to be within a safe operating limit, with the potential to add ground support.
The conclusions reached to date for RMRCT storage are based solely on assumed rock properties and analyses. Although analyses are used routinely in underground design under ambient, relatively steady state conditions, a project of this magnitude will require substantial investment. The inherent unknowns of geologic systems, resulting in perceived risk for regulators, the public, and investors will need to be determined. Attempts should be made early on in the conceptual design process to decrease that risk. One way to accomplish this risk reduction, as had been proposed for the Norton CAES project, was to measure large-scale rock mass response to cyclic pressure.
A compressed air energy storage (CAES) facility is being built in Norton, Ohio. The facility will begin operation within 2 years at 300 MW electric generating capacity, with design plans to increase to 2700 MW during the subsequent 5 years. The underground portion of the facility is an inactive room-and-pillar limestone mine that is 2200 ft deep.
The volume of the mine is approximately 338 million cf with a footprint of about 1 mile by 1.5 miles (Figure 1) . Rooms are about 32 ft wide and range in height from 17 ft, 28 ft, to 47 ft.. Fourteen long boreholes (about 100 ft) exist in the mine (at various orientations) and could also be used for monitoring sites. The mine will be cycled in pressure from about 1650 psi to 900 psi on a weekly basis. Monitoring the rock mass during pressurization cycles of the mine will provide a means to evaluate large-scale rock mass mechanical and hydrologic responses. Measurements and analyses will be made of pressure, temperature, and rock mass displacements from within the mine during initial pressurization, and during pressure cycling. In situ monitoring of the mechanical and hydrologic response of this facility will provide the DOE a means to reduce risk and thus increase the flexibility (create a better opportunity), and further considerations of RMRCT underground gas storage technology in the U.S., especially in areas where other media are not available.
The measurements conducted in this study will provide a means to determine directly rock mass response during cyclic loading, on the same scale, under similar pressure conditions. Table 1 compares a potential granite site for RMRCT with recently measured physical properties (lab and in situ) for the Norton site. The Norton site has very little ground support (occasional spot bolting at high traffic intersections) and the RMRCT facility is intended to have minimal ground support. Thus the Norton site offers the opportunity to monitor rock mass response without the added complexity of ground support interactions. Except for rock types and operating temperatures, the two facilities are remarkably similar, thus the mechanical response of the two rock types is expected to be analogous. This realization is made apparent through examination of values in Table 1 , where material properties of the host rock, in situ conditions and operating conditions are listed side by side. 
Table 1. Comparison for Granite and Columbus Limestone
Specifically, displacements across rooms and within existing long boreholes from rooms will be measured with extensometers. The cross-room measurements (floor to ceiling primarily) will provide an indication of the rockmass displacements, which are a consequence of far-field response (the free surface of the earth is the only unconstrained surface). Along with these measurements, measurements of pressure, moisture, and temperature in the mine would be made to define the in situ loadings on the rock mass. The displacement measurements within long boreholes will provide an indication of the displacement gradient. If a strain gradient exists with distance from rooms, this could be the result of a damaged rock zone (DRZ) around the openings. These measurements will provide insight into large-scale rockmass response of mined openings to internal pressurization by a gas of mined openings, directly applicable to the RMRCT facility rockmass response.
Thus, the compressed air facility in operation could serve as a model for the RMRCT facility. The benefits of making these measurements and analyses are many. The CAES facility will be cycled weekly (more often than the RMRCT facility), thus the effects of load cycling would potentially be seen in a shorter time frame. The CAES facility will be subjected to pressures greater than the RMRCT facility, thus a greater portion of the stressstrain curve would be exercised. If a RMRCT facility is ever developed it will have to be monitored internally, monitoring the Norton Mine will provide a means to evaluate equipment and instrumentation techniques for long-term operation. The Norton Mine rockmass is well characterized [see references 4-15]; therefore, the measurement system could provide insight to the RMRCT development process as to where to focus characterization funding. Finally, internal pressurization of hard rock to this magnitude has never been attempted. Geologic uncertainty dictates the possibility of unknowns. For the CAES facility, air, a ubiquitous and safe medium will pressurize the facility, thus the consequences of a leak are benign to the public. A natural gas leak, as has been experienced recently in Kansas, can be catastrophic. Thus clear understanding of every detail of rock mass response is critical. This study will greatly enhance understanding of important unknowns for a RMRCT facility.
The planned work is directly analogous to that needed fro the RMRCT. This makes it directly applicable to understanding the physical nature of the deformations at the RMRCT facility. It offers the potential to reduce the risk, both technical and fmancial, if a facility of this type is ever to be constructed. The measurement requirements were focused on developing a good understanding of the potential "actual" physical response of the internally pressurized rock mass in the context of temporal operations of the CAES facility. Figure 2 shows an example of the planned pressurization history for the facility, with 0 hours representing 8:OO AM on Monday morning. Compressed air pressure would be used to drive a turbine for about eight peak use hours, then some recharge of the facility would take place through compression during offpeak hours each day. The net loss in pressure at the end of the week on Friday afternoon is made up by air compression through the weekend to recharge the facility. The pressure cycles presented below were modeled using fmite element analyses. The analyses were both near and far-field representations that used an elastic-plastic material model in two-and three-dimensional realizations. In the analyses, the in situ stresses were first imposed on a large representative volume of rock. Then the mined rock areasholumes were removed to simulate the excavation process, allowing the rock to deform into the space created by excavation. Figure 3 is a representation of a portion of the mesh used in one of the 2-D room and pillar analyses. Then pressures were applied from inside the rooms pushing out in all directions to simulate the planned "typical" weekly pressure cycling as shown in Figure 2 . All deformations calculated are within elastic limits and predicted displacements were: horizontal: 0.03 to 0.1 1 cm, vertical: 0.09 to 0.57 cm, depending on the type of room, where in the mine the room is located, and the location of the point being displaced. The vertical displacements are potentially the greatest because above the mine roof is the free surface, 2200 ft away (the surface of the earth), whereas horizontally, the mine is everywhere constrained by rock. These calculations were used to support determinations of the range, sensitivities and locations of instrumentation used to measure the rock mass response. The locations of instrumentation (Figure 4) were chosen to provide optimum opportunity to measure large-scale rockmass response to pressure cycling. The wiring and data collection runs from the surface down through a dedicated borehole. The types of electrical/pressure connections planned are detailed in Appendix 1. The type, range and sensitivities of instrumentation were chosen to measure an average rock mass response in ways that are consistent with the orientations and magnitudes of maximum displacements predicted by the room and pillar finite element models. For example, extensometer measurements are to be made across rooms (vertical and horizontal) in areas well within the mine, away fiom mine "edge effects". The convergence meter is a modified MPBX using one anchor installed in a vertical and one in a horizontal direction, each with extension rods. T h e specific instrumentation selected is detailed in Appendix 2, and contains the range and sensitivity of each instrument. Also, taking advantage of existing long borehole drilled &om the mine periphery, deformations within the more virgin rock mass away from the mine opening could be measured. Pressure and temperature measurements were planned at all of the displacement measurement locations because mine deformations also depend on spatial and temporal thermal and pressure fluctuations. 
Room and pillar finite element mesh for Norton Mine

Conclusions
This study ended without completely getting off the ground. The work was terminated solely because of a hiccup in national economics within the energy sector, resulting in a delay in the compressed air energy project. The work presented clearly connects the RMRCT and CAES projects in terms of the needs to further understand large-scale rock mass response. The information in this report, and the fact that the work was funded further demonstrates the technical feasibility, constructability, etc. of the CAES project in Norton, Ohio. The fundamental rationale for a rock mass monitoring system, and the sensitivities, ranges and the layout of that system in the facility have been detailed. Installation is accomplished by assembling the anchors.
mds and pips ouside tte barehole, placing the assembly in the borehole than fixing the anchors in place. The head of the Bnenmeter can be configured for manual readout using a diel indicator andlor for electronic readout using vibrating wire sensors. linear potentiometers or DCOTs.
Two main types of extensometer heads can be identified. The Flangetype is designed to sit on the surface of the rock soil or concrete structure at the mouth of the bore hole. The Rangeles.stype is designed to be recessed into the bolehole or intd an enlarged fenion of the borehole: usually to provide protection of the head from traffic. vandalism or from blasting. construction activity. etc.
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The Model A-3 is the preferred design for installation in downward diremd boreholes which are easily filled with cement grout.
The borehole anchors of the Model
A-3 are made from lengths of steal reinforcing bars which are connected to the meesurement rods. The rods are protected from the grout by plastic pipes to ensure their free travel.
Anchor m w e n a are sensed m&n- indicator or a depth micrometer.
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Operating Principle
The transducer uses a pressure sensitive diaphragm with a vibrating wire element attached to it. The diaphragm is welded to a capsule which is evacuated and hermetically sealed. Fluid pressures acting upon the Outel face of the diaphragm cause deflections of the diaphragm and changes in tension and frequency of the vibrating wire.
The changing frequency is sensed and transmined to the readouldevice by an eleclrical coil acting through the walls of the capsule.
Piezometers incorparate a porous filter stone ahead of the diaphragm. which allows the fluid to pass through but prevents soil panicles from impinging directly on the diaphragm.
Advantaps and Limitations
The A thermismr located in the housing permits the measurement of temperatures at the piezometer Iocetion.
All-stainless steel or titanium ConstruCtion and evacuation of the capsule guarantees a high level of corrosion resistance Integral gas discharge tubes inside the main housing protect againn lightning damage.
Standard porous filters are made from sintered 316 stainless steel. High air-entry ceramic filters are available for use in applications requiring that air ba prevented from passing through the filter.
Vented versions of a11 models are available to provide autmatic compensation for barometric pressure fluctm tions. Negative pressures up to 1 Bar can be measured.
Vibrating wire pressure transducers are not suitable for the measurernerd of rapidly changing pressures: for these purposes Model 3400 transducers should be used.
Sy.tem Components
The basic transducer is packaged inside a sealed stainless steei tube for protection egeinrt mechanical damage and water intrusion. A n imam1 !immisfM and In factor suwlied with each gage.
Advantages and Limitations
The Model 4700 enjoys all tha advantages of vibrating wire sensors: Le.. excellent long term stability. maximum resistance to the.effects of water and a frequency output suitable for transmission over vary long cables.
All components are made from steinless steel forcorrosion protenion. The gages are waterproof and mmain internal protection against lightning damage.
Each gage al a incorporates a thermistor for USB as a backup or as an independent h e c k on the temperature reading. 
